The RNA of satellite tobacco necrosis virus (STNV) is a monocistronic messenger that lacks both a cap and a poly(A) tail. Translation of STNV RNA in vitro is promoted by a 120-nt translational enhancer domain (TED) in the 39-untranslated region. TED also stimulates translation of heterologous mRNAs. In this study, we show that TED stimulates translation of a cat mRNA by increasing translation efficiency to the level of capped mRNA. This stimulatory activity is not impaired by translation through TED. TED stimulates translation efficiency from different positions within the mRNA, varying from the 59 end to 940 nt downstream of the coding region. Duplication of TED has an additive effect on translation stimulation only when located at both ends of the mRNA. On dicistronic RNAs, TED stimulates translation of both cistrons to the same extent. These data suggest that TED acts primarily by recruiting the translational machinery to the RNA.
INTRODUCTION
Current models for translation initiation in eukaryotes describe the selection of mRNAs for translation and the identification of the initiator codon (Jackson, 1996) + In a first step, the mRNA is made competent for recruitment by the translational apparatus+ For classical mRNAs, this is achieved by binding of eukaryotic initiation factor (eIF) 4F to the 59 cap and subsequent unwinding of the secondary structure in the 59 UTR by eIF4A and eIF4B+ According to the ribosome scanning model, a complex consisting of the 40S ribosomal subunit, eIF2, and MettRNA, binds to the unstructured leader sequence at or near the cap and subsequently scans the mRNA in a 59-to-39 direction until the initiator codon is reached (Kozak, 1989; Merrick & Hershey, 1996 )+ In the alternative eIF2 model, eIF2 binds the mRNA, either in the leader or at the initiation codon, before the 40S ribosomal subunit joins eIF2 on the mRNA (Thomas et al+, 1992 )+ For RNAs that are translated cap-independently, alternative mechanisms for recruitment of the translational machinery exist+ For instance, internal initiation of translation on picornaviral RNAs requires specific cis-acting sequences for ribosome binding at or near the initiation codon (Meerovitch & Sonenberg, 1993; Ehrenfeld, 1996) + An example of a plant viral RNA that is translated cap-independently is the RNA of satellite tobacco necrosis virus (STNV)+ The STNV RNA is about 1240 nt long and encodes only a coat protein (Danthinne et al+, 1991) + The 59 untranslated region (UTR) has a length of about 30 nt, whereas the trailer is about 620 nt long+ The RNA lacks a 59 cap and its translation is not stimulated by the addition of a cap at the 59 end of the RNA (Smith & Clark, 1979 )+ The STNV RNA has several features that might contribute to recruitment of the translational machinery in the absence of a cap+ Firstly, the STNV RNA is bound specifically by eIF2 (Kaempfer et al+, 1981 )+ eIF2 preferentially binds large 59-terminal STNV fragments over shorter ones, suggesting the involvement of downstream sequences+ Secondly, a translational enhancer domain (TED) has been located in the first 120 nt of the trailer of two STNV strains (STNV-1 and -2) (Danthinne et al+, 1993 )+ TED enhances translation of the STNV RNA in a wheat germ translation system more than an order of magnitude+ Deletion of TED renders STNV-1 translation cap-dependent and increases the concentration of eIF4F required for translation (Timmer et al+, 1993 )+ This indicates that TED is required for replacing the cap in translation initiation+ TED also stimulates translation when fused to a heterologous mRNA, but the level of stimulation depends on the nature of the 59 UTR+ In the absence of STNV 59 sequences, TED stimulates in vitro translation of a gus mRNA four-to eightfold (Danthinne et al+, 1993) , whereas in the presence of STNV 59 sequences, translation stimulation is two-to threefold higher+ We now show that TED, in the absence of other STNV sequences, stimulates translation of a cat mRNA by increasing translation efficiency to the level of capped mRNA+ This indicates that TED is sufficient to replace the cap for the initial recruitment of the translational machinery to the RNA+ Analysis of the features of the autonomous translation stimulation by TED revealed that its stimulatory effect is largely independent from the position of TED and of the coding region within the mRNA+
RESULTS

TED stimulates in cis translation efficiency of heterologous mRNA
In the wheat germ translation system, STNV RNA translation is stimulated only 1+5-fold by the addition of a 59 cap (Fig+ 1A and Timmer et al+, 1993 )+ This is in contrast with translation of mRNAs lacking STNV sequences, which is typically enhanced about one order of magnitude by the presence of a 59 cap (Fig+ 2A,B)+ Deletion analysis of both the STNV-1 and -2 trailer identified a translational enhancer domain (TED 1 and TED 2 , respectively) downstream of the coat protein stop codon (Danthinne et al+, 1993 , Timmer et al+, 1993 )+ Deletion of TED 2 reduced translation of STNV-2 RNA about tenfold in a wheat germ translation system (Fig+ 1)+ Instead, translation of the capped version of this RNA was hardly affected+ Similarly, Timmer et al+ (1993) showed that deletion of TED 1 has no effect on translation of capped STNV-1 RNA+ Mathematical processing of the profiles shown in Figure 1 revealed that deletion of TED 2 from uncapped STNV-2 RNA reduced both the translation efficiency and the functional halflife+ This shows that TED contributes to both the translation efficiency and the functional half-life of the STNV RNA+ We previously showed that TED 2 stimulates translation of uncapped gus mRNAs in vitro and that the combination with the 59 173 nt of STNV-2 has an additive effect (Danthinne et al+, 1993 )+ To get insight in the mechanism of TED-dependent translation, we analyzed the effect of TED on the translation efficiency and functional half-life of heterologous mRNAs+ TED 2 was transferred to cat mRNAs with different 59 UTRs+ The leaders were a 19-nt random sequence, the ⍀-element of tobacco mosaic virus (TMV) (Gallie et al+, 1987) , and a mutated version of the STNV-1 leader (hereafter STNV* leader) (Fig+ 2)+ Translation of these cat mRNAs was compared with that of the same RNAs lacking TED in the wheat germ translation system+ Figure 2 shows that TED 2 stimulated translation of the different uncapped RNAs between 5-and 30-fold+ Comparison of the protein accumulation profiles revealed that this stimulation resulted exclusively from an increase of the initial protein synthesis rate (ϭ translation efficiency)+ Furthermore, the capped versions of the TED 2 -containing RNAs were translated about twofold better than their uncapped counterparts+ This twofold increase in translation by capping was not due to an increase of translation efficiency but to an increased functional halflife+ These data imply that TED 2 stimulates the translation efficiency of uncapped heterologous mRNAs to a level that is not increased further by a 59 cap+
TED stimulates translation efficiency in a position-independent manner
In the STNV RNA, TED is located downstream of the coding region+ In the previous function analyses (Dan-FIGURE 1. TED is essential for capindependent translation of STNV-2 RNA+ RNAs were synthesized with the indicated plasmids as templates, and translated in a wheat germ translation system+ Translation efficiency (T+E+) and functional half-life (t 1/2 ) (6 standard error) are indicated in (cpm/ methionine residue)/min and min, respectively+ Panels A and B show results from the same experiment+ A: Translation of capped and uncapped STNV-2 RNA+ B: Translation of capped and uncapped STNV-2 RNA lacking TED 2 + thinne et al+, 1993; Fig+ 2), the spacing between TED and the upstream ORF was always maintained+ We therefore investigated whether the position of TED within the mRNA is of importance for its autonomous function in translation+ First, the spacing between the coding region and TED 2 in the 39 UTR was changed+ Chimaeric cat mRNAs with the STNV* leader were made that contained 496 or 940 nt of the npt II gene between the cat coding region and TED 2 + Figure 3 shows that the translational output of these uncapped RNAs in vitro is more than tenfold higher than that of the cat mRNA lacking TED+ This stimulation of translation is not due to the inserted npt II sequences, because the presence We next investigated whether translation through TED 2 has an effect on its function+ A TED 2 -containing cat mRNA was made in which the translational stop codon was replaced such that translation would proceed into TED+ To assure correct translation termination, TED 2 was followed by the downstream 71 nt of the authentic STNV-2 trailer+ In this way, a translation stop codon was provided 27 nt downstream of TED 2 + Figure 4A shows that the protein peak level encoded by the uncapped mutant RNA is 1+4-fold lower than that of the TED 2 -containing cat mRNA in which translation terminates at the normal position+ Analysis of the protein accumulation profile revealed that this reduction was entirely due to a reduced functional half-life of the mRNA and that the translation efficiency of the mutant RNA was even higher+ This shows that translation through TED 2 does not impair its functionality+ This latter observation prompted us to investigate whether TED could be at any position in the coding region without losing its translation activation potential+ TED 2 was introduced at the 59 end and at two internal positions of the cat coding region, such that the open reading frame was maintained and would encode a protein of similar molecular weight+ The translational output of the three uncapped mRNAs varied at most twofold (Fig+ 4B) and was at least a magnitude higher than that of a cat mRNA without TED (not shown)+ This shows that TED-dependent stimulation of translation is largely independent of the position of TED within the mRNA+ Duplication of TED results in an additive effect on translation stimulation only when located at both ends of the mRNA TED increases translation efficiency of heterologous RNAs to a level that is not increased further by a 59 cap (Fig+ 2)+ This finding together with the notion that the cap is a rate determining cis-element in translation initiation (Gallie, 1991; Hershey, 1991) suggests that TED has a similar function as the cap in recruiting the translational machinery to the mRNA+ Along with this view, multiple copies of TED might stimulate this recruitment in an additive way+ Therefore, we investigated whether TED shows in cis a dosage effect on translation+ Uncapped cat RNAs with two copies of TED 2 at different locations within the mRNA were made and translated in the wheat germ translation system (Fig+ 5)+ A cat RNA which has two copies of TED 2 immediately downstream of the coding region specified a slightly higher protein level at later time points than an RNA which has only one copy of TED 2 + This was due to an increased functional stability of the RNA (Fig+ 5A)+ Importantly, the duplication of TED 2 did not result in a further increase of translation efficiency+
We next determined whether the spacing of the two copies of TED 2 is important for the level of translation stimulation+ In addition to the first double TED RNA, uncapped cat RNAs were made with one copy of TED 2 just downstream of the cat ORF and a second copy of TED 2 either at the 59 end of the ORF or 800 nt downstream of the first copy+ The latter RNA had a somewhat lower translation in comparison with the RNA which has the two copies of TED 2 next to each other (Fig+ 5A)+ This would suggest that the short distance between the two copies of TED 2 is not responsible for the lack of an additive effect by duplication of TED 2 + However, translation efficiency of a cat RNA which has one copy of TED 2 at the start of the coding region and FIGURE 3. The effect of the spacing between TED 2 and the cat ORF on translation stimulation+ Uncapped RNAs were synthesized with the indicated plasmids as templates and translated in a wheat germ translation system+ T+E+ and t 1/2 (6 standard error) are indicated in (cpm/methionine residue)/min and min, respectively+ All RNAs have the STNV* leader+ The sequence between the cat coding region and TED 2 in pFM211A and B originates from the npt II coding region+ one copy downstream of the coding region, was about threefold higher than of an RNA that has only one copy of TED 2 (Fig+ 5B)+ This shows that a duplication of TED can result in an additive effect+ However, the effect depends on the position of both copies within the mRNA+
In dicistronic RNAs TED stimulates translation of both cistrons
An important question is whether TED specifically stimulates translation initiation at the 59 end of the RNA or also increases translation of downstream cistrons+ Therefore, we made dicistronic cat-npt II RNAs which differed in the absence or presence of TED+ In these RNAs, the npt II coding region is the second ORF and preceded by the ⍀-sequence of TMV (Gallie et al+ 1987) , which in a monocistronic RNA is unable to increase the functional half-life in the presence of TED 2 (Fig+ 2B)+ Both the cat and the npt II open reading frames were translated poorly from the uncapped RNA lacking TED 2 (Fig+ 6)+ The uncapped RNA that had TED 2 immediately downstream of the npt II coding region, specified a 20-and 17-fold higher peak level of CAT and NPTII, respectively+ This shows that TED stimulates translation of both cistrons equally+ The presence of a 59 cap increased the CAT peak level about 25-fold in the absence and about fourfold in the presence of TED 2 + The higher CAT synthesis from the capped TED 2 -containing RNA was mainly due to an increased functional halflife, as is also observed with monocistronic cat RNAs+ In contrast, a 59 cap had only a marginal effect on NPTII accumulation+ This means that translation of the second cistron is not proportional to translation of the first cistron, and indicates that NPTII is synthesized as a result of internal initiation of translation+ In conclusion, TED does not preferentially stimulate translation of the 59 cistron, but increases the overall translational competence of the mRNA+
DISCUSSION
The STNV TED is one of the few cis-elements known that stimulate cap-independent translation in plant cells+ In this paper, we show that, in a wheat germ translation system, TED stimulates the initial protein synthesis rate (ϭ translation efficiency) of mRNAs to a level that is not increased further by the cap+ This implies that TED substitutes for the cap in translation initiation+ For most cellular mRNAs, recognition of the 59 cap by eIF4F is the first step in translation initiation (Merrick & Hershey, 1996 )+ The cap is thus crucial for an efficient translation of most mRNAs+ Strikingly, TED stimulates translation efficiency to a higher level than does the cap and thus also increases translation of capped mRNA+ The apparent lower efficiency of the cap in stimulating translation might be due to the lack of a poly(A) tail on the mRNAs tested, because the cap depends on a poly(A) tail for maximal translation stimulation (Gallie, 1991 )+ In contrast, TED does not show a synergism with the poly(A) tail in tobacco protoplasts (Meulewaeter et al+, 1998 )+ The observation that the cap does not stimulate translation efficiency of TED-containing RNA also indicates that the cap and TED do not work additively+ This might indicate that in the wheat germ translation sys-FIGURE 5. The effect of a second copy of TED 2 on translation of cat RNAs+ Uncapped RNAs were synthesized with the indicated plasmids as templates, and translated in a wheat germ translation system+ T+E+ and t 1/2 (6 standard error) are indicated in (cpm/methionine residue)/min and min, respectively+ All RNAs have the STNV* leader+ A: Effect of a second copy of TED 2 in the trailer on translation of cat RNAs+ In pFM213 both copies of TED 2 are separated by a 823-nt long sequence derived from the npt II coding region, which directs the synthesis of a low level of NPTII protein (extra band above CAT)+ B: Effect of a second copy of TED 2 at the start of the coding region on translation of cat RNAs+ tem translation of TED-containing mRNAs is already optimal+ In contrast to its effect on translation efficiency, TED does not increase the functional half-life of uncapped mRNA+ Typically, TED-containing cat RNAs have during in vitro translation a functional stability that is two to three times lower in the absence of a cap+ This rapid translational inactivation could be a consequence of a rapid turnover of the uncapped RNA during translation+ The functional stabilization by the 59 cap would then result from a protection of the RNA against degradation by the cap structure (Furuichi et al+, 1977 )+ Alternatively, in vitro translation stimulation by TED could be limited in time+ The transient nature of translation stimulation in vitro would result in a rapid decrease of the translation rate in time, and thus in a low functional half-life+ The rapid decrease in translation rate is not caused by the inactivation of a labile wheat germ factor, as the wheat germ translation mixture maintains its capacity to support TED-dependent translation upon preincubation (data not shown)+
We have investigated the characteristics of TED that determine its stimulatory activity to understand how TED might functionally replace the cap in translation initiation+ First, the position of TED within the STNV RNA is not crucial for its stimulatory activity+ TED stimulates translation from different positions within the mRNA, ranging from the 59 part of the coding region to 900 nt downstream of the coding region+ A similar observation was made for the 39-TE of BYDV (Wang & Miller, 1995; Wang et al+, 1997) + This enhancer, which shows no obvious sequence homology with TED, confers cap-independent translation of the 59-proximal ORF from which it is separated by more than 3 kb and several open reading frames+ The spacing between 39-TE and the stimulated ORF appeared not essential for cap-FIGURE 6. The effect of TED 2 and cap on translation of dicistronic cat-npt II RNAs+ RNAs were synthesized from pFM203B, digested with the indicated restriction enzyme, and translated in the wheat germ translation system+ T+E+ and t 1/2 (6 standard error) are indicated for both cistrons in k{mol protein/min and min, respectively, with k being an arbitrary constant+ The positions of the CAT (C) and NPTII (N) proteins are marked+ The protein bands were quantified using a PhosphorImager+ All RNAs have the STNV* leader upstream of the cat coding region and a 116-nt-long unrelated sequence followed by the ⍀-fragment of tobacco mosaic virus between the cat and the npt II coding regions+ independent translation as sequences upstream of the 39-TE could be deleted without affecting translation and the 39 TE also functions when present in the leader sequence+ However, translation stimulation by BYDV 39-TE from a 39 position is dependent on its native leader sequence and, in contrast with TED, does not function with heterologous leader sequences, like ⍀+ The observation that translation stimulation by TED is not affected by ongoing translation through TED is also unobserved in other plant viral RNAs+ It indicates that the stimulatory function of TED permits (transient) disruption of its secondary structure or has already been fulfilled by the time the translating ribosomes reach TED+ This latter possibility is in agreement with the transient nature of translation stimulation by TED in vitro+ Furthermore, as TED is also active when located at the start of the coding region, this would mean that for its autonomous function TED exclusively stimulates translation initiation+
Multiple copies of TED can work additively depending on their position within the mRNA+ This additive effect might simply be explained by two copies of TED having a higher capacity for attracting trans-acting factors that are important for translation initiation to the mRNA+ The configurations that do not show this additive effect might have the two copies of TED in locations that either sterically hinder increased binding or that are unable to exhibit the effect of the increased binding capacity at the level of translation+ Alternatively, the RNA that showed an additive effect might be a fortuitous combination with one copy of TED, downstream of the coding region, located ideally to attract the translational machinery and the second copy providing multiple initiation codons at the 59 end of the RNA+ This might be especially important, because TED does not show preferential stimulation of translation of 59-terminal cistrons+ Indeed, in dicistronic RNAs, TED stimulates translation of the downstream npt II cistron to the same extent as that of the 59-proximal cat cistron+ The observation that translation of the npt II gene is independent from that of the cat gene indicates that translation of the npt II cistron is initiated internally+ This lack of preferential targeting of ribosomes to the 59 end of the RNA might be explained by the absence of a specific interaction between TED and the 59 end of the RNA+ As a result, translation initiation at internal sites of the mRNA that have a sequence favoring ribosome binding might be promoted equally to initiation at the 59 end of the RNA+ In this respect, synthesis of some of the minor protein products from a monocistronic cat mRNA is stimulated by TED (data not shown) and might also be explained by internal initiation+ In contrast, the BYDV 39-TE does not mediate initiation at internal initiation codons in the viral RNA (Wang et al+, 1995 )+ This might be explained by its dependence on a specific leader sequence+ The promotion of internal initiation by TED resembles the stimulation of translation initiation at internal AUG codons of uncapped mRNA by a poly(A) tail in a yeast in vitro translation system (Preiss & Hentze, 1998 )+ However, efficient translation in the presence of competitor RNA, both in vitro and in vivo, required direction of the ribosomes to the 59 end of the RNA through the synergism of the poly(A) tail with a 59 cap+ The lack of competition in in vitro translation systems might also explain why TNV sequences that showed IRES activity in a wheat germ translation system did not show IRES activity in plant cells (Meulewaeter et al+, 1992 )+ To our knowledge, a 400-nt-long fragment upstream of the potato virus X coat protein gene is the only sequence reported to have IRES activity in plant cells (Hefferon et al+, 1997 )+ It remains thus to be determined whether TED also stimulates translation of internal cistrons in plant cells+
All present results are consistent with TED stimulating translation efficiency of heterologous mRNAs through an interaction with a trans-acting factor+ Such an interaction should be independent of the location of TED within the mRNA+ The effect of the interaction should not be compromised by translation through TED and not specifically directed to the 59 end of the RNA+ A first candidate for such a factor is the 40S ribosomal subunit, which might interact with TED through the complementarity between the 39 end of the 18S ribosomal RNA and TED (Danthinne et al+, 1993) + In this way, TED would act as a ribosome landing pad, in analogy with IRES elements directing cap-independent internal initiation in animal cells+ However, this implies that after binding to TED, the 40S ribosomal subunit must be transferred from the trailer to the translation initiation region+ An alternative possibility is that TED interacts with protein factors that promote translation initiation+ These factors could promote binding of translation initiation factors to the mRNA+ Alternatively, the factor that interacts with TED could target the 40S ribosomal subunit directly to the translation initiation region+ A candidate protein factor is eIF2, which has been shown to bind preferentially to full-length and large 59-terminal fragments of the STNV RNA (Kaempfer et al+, 1981) + These experiments did not show what STNV sequences are responsible for the preferential binding of larger fragments to eIF2+ TED is clearly an important candidate sequence+ Binding of purified eIF2 to STNV RNA leads to a local unfolding of the RNA in the translation initiation region that might promote ribosome binding+ In the STNV RNA, specific stimulation of translation of the 59-proximal CP cistron might be obtained by the interaction between TED and STNV 59 sequences (Danthinne et al+, 1993; Meulewaeter et al+, 1998) in a way similar to the synergism between the cap and the poly(A) tail (Preiss & Hentze, 1998 )+ In conclusion, these data indicate that TED enhances the general translational competence of heterologous RNAs and might require specific 59 sequences for more directed translation stimulation+
MATERIALS AND METHODS
Plasmid constructions
Plasmids pFM169, pFM175, pFM184A, pFM189, pFM191, and pFM191A are described elsewhere (Meulewaeter et al+, 1998 )+ TED was deleted from the STNV-2 cDNA by religating blunted NcoI-SpeI-digested pXD535 DNA (Danthinne et al+, 1993) + Transformants in which the NcoI site was fused to the nearest of two SpeI sites were selected, yielding plasmid pFM174+ pFM191B was made by inserting the 430-nt-long NcoI-SphI fragment of pFM191 between the NcoI and SphI sites of pFM136 (Meulewaeter et al+, 1992 )+ In pFM191C, the second nucleotide of the cat stop codon of pFM191 was fused to the 59 nucleotide of TED using a PCR based strategy+ This resulted in a translational fusion between the cat coding region and TED+ TED was inserted into the cat coding region at the filled-in EcoRI site (pFM201) or at the MscI site (pFM202) of pFM189 as a blunted NcoI-SpeI or a blunted AccI-SpeI fragment of pFM175, respectively+ pMA442 is similar to pXD550 (Danthinne et al+, 1993) , except that it contains the npt II coding region, instead of the gus coding region between the first 172 nt and the trailer of the STNV-2 RNA (Marco Andriessen, pers+ comm+)+ In pFM211A, the npt II coding region and part of the STNV-2 trailer were placed downstream of the cat coding region by inserting the Nsi I-blunted-Asp718I fragment of pMA442 between the Pst I and blunted XbaI sites of pFM189+ pFM211B was obtained by religating blunted KpnI-BsaAI-digested pFM211A DNA+ pFM170D, resulting from religating blunted NcoI-EcoRI-digested pXD324 DNA (van Aarssen et al+, 1995) contains, downstream of the T7 RNA polymerase promoter, the ⍀-fragment of tobacco mosaic virus followed by a 100-nt-long poly(dA:dT) track+ To obtain pFM170, the npt II coding region was inserted as an EcoRI-BstBI fragment from pFM146 (Meulewaeter et al+, 1992) between the EcoRI and AccI sites of pFM170D+ A 260-nt-long Pst I-filled-in BamHI fragment of pFM170 was inserted between the Pst I and trimmed KpnI sites of pFM211A, resulting in plasmid pFM203B+ pFM184 and pFM185 were constructed by insertion of the NcoI-NdeI fragment of pFM184A and pXD324, respectively, between the NcoI and NdeI sites of pFM175+ Insertion between the Afl III and blunted SpeI sites of pFM184 of the Afl III-NruI fragment of pFM136 and pFM191B resulted in plasmids pFM186B and pFM186G, respectively+ The XbaIAfl III fragments of pFM185 and pFM203B were inserted between the SpeI and Afl III sites of pFM191 to construct plasmids pFM210 and pFM213, respectively+
In vitro transcription and translation
In vitro transcription was essentially performed as described by Meulewaeter et al+ (1992) , except that no [
14 C]-ATP was included in the reaction and the RNA was quantified by O+D+ measurement+ Cell-free translation of synthetic transcripts was done in a wheat germ extract (Meulewaeter et al+, 1992 )+ Reactions were performed in the presence of [
35 S]-methionine with 3 pmol of transcript in a total volume of 75 ml+ To determine protein accumulation profiles, 8-11-ml aliquots were removed from the translation reaction at six to eight different time points+ Protein synthesis was analyzed and quantified as described previously (Danthinne et al+, 1993 )+ Protein accumulation (P ) in function of time (t ) was analyzed using the mathematical description (Danthinne et al+, 1993) :
in which T corresponds to the time point at which the first translation product is completed, a is the translation efficiency of the mRNA (ϭ protein molecules synthesized per mRNA molecule per time unit at t ϭ T ), R 0 is the initial RNA input (at t ϭ 0), and b is a constant that is inversely proportional to the functional half-life of the mRNA (ϭ t 1/2 ) according to the relation t 1/2 ϭ ln 2/b (Danthinne et al+, 1993 )+ The functional half-life is the time in which the protein accumulation rate halves and measures thus the stability of the mRNA that is actively translated, as opposed to the chemical stability that measures the physical integrity of the transcript+ As in these experiments the input mRNA amount is equal for all RNAs, the product aR 0 ϭ A (ϭ protein synthesis rate at t ϭ T ) also reflects the translation efficiency of the mRNA+ Equation 1 can also be written as: P(t ) ϭ (A{t 1/2 /ln 2)(1 Ϫ e Ϫ(ln 2/t1/2)(tϪT ) )
From Equation 2, it can be deduced that P(`) ϭ (A{t 1/2 )/ln 2, showing that the protein peak level is proportional to both the translation efficiency and the functional half-life of the mRNA+ By nonlinear regression using Equation 2 and the GraphPad software, a best fitting curve to the experimental data points was calculated and values plus standard errors for A, t 1/2 , and T were obtained+ The T+E+ as shown in the figures corresponds to A+
